Introduction
Although an antiferromagnetic (AFM) material alone does not switch its spin direction within a magnetic field, the AFM layer could have a dramatic effect on a ferromagnetic (FM) layer in contact with it. For example, when cooling a FM/AFM bilayer system within a magnetic field from above to below the Neel temperature of the AFM layer, the FM layer hysteresis loop could shift in the applied magnetic field which is called exchange bias [1] . Even without field cooling, the AFM layer could induce a magnetic anisotropy in the FM layer to increase the FM layer coercivity [2] . These properties have been attributed to the unique character of FM/AFM interfacial interaction.
Different from FM/FM interfacial interaction, the FM/AFM interfacial interaction is always accompanied by the so-called spin frustration that nearest neighbor coupling energy can not be minimized for all spin pairs at the same time. This characteristic property makes the FM/AFM bilayer system one of the most interesting and most intensively studied subject in nanomagnetism research.
Among many interesting phenomena related to the FM/AFM interfacial interaction, one fundamental issue is why and how the AFM layer induces a magnetic anisotropy in the FM layer. Phenomenally speaking, the AFM order breaks spatial rotational symmetry thus should in principle assign a magnetic anisotropy to the FM layer.
Microscopically, however, it is not clear on how the FM/AFM interfacial interaction increases this magnetic anisotropy in the FM layer. Different mechanisms have been proposed to explain this phenomenon such as the spin flop coupling [3] , local magnetic pinning centers [ 4 ] , and the roughness-induced spin compensation [ 5 ] , etc. In experiment, it is usually difficult to single out the exact effect of the AFM layer due to the difficulty of a direct measurement of the AFM spin structure and the difficulty of tuning the interfacial spin frustration. Regarding to the measurement, this difficulty is partially overcome by the recent development of X-ray Magnetic Linear Dichroism (XMLD) technique which could probe the spin direction in certain AFM thin films [ 6 ] . For example, it is now possible to directly measure the relative spin directions in some FM/AFM systems [7, 8] and use the result to explain the abnormal interlayer coupling between two FM layers across an AFM layer [ 9 ] . Regarding to the tuning of the interfacial spin frustration, recent effort is on the controlling of the magnetic spin direction rather than on the interfacial roughness so that geometric frustration can be partially separated from the intrinsic spin frustration. For example, it was recently shown that by switching the Ni spin direction from out-of-plane to in-plane directions in a Ni/FeMn 3 bilayer, the Neel temperature of the FeMn layer could be changed by 60K without a change of the Ni/FeMn interfacial roughness [ 10 ] . This result demonstrates the importance of the FM spin orientation on the AFM properties. However, the reversed effect (e.g., the effect of the AFM spin orientation on the FM properties) has not yet been explored. We will address this issue in this work.
Among different FM/AFM bilayer systems, Fe/NiO(001) has emerged as a model system because of the epitaxial growth between Fe and NiO and the big XMLD signal from the AFM NiO film. Although there exists certain degrees of intermixing and structural bulking [11] , Fe/NiO can be synthesized into single crystalline ultrathin films which is crucial to the XMLD measurement. In this paper, we report our study on 
Experiment
A 10×10mm square shaped MgO(001) single crystal disk was used as the substrate.
After ultrasonic cleaning, the substrate was introduced into an ultra high vacuum chamber of base pressure of 1-2×10 -10 Torr, and then annealed at 600 o C for ~10 hours. Since the Fe film in our sample was grown on top of the NiO layer and no field cooling was performed, we expect only an enhancement of the magnetic coercivity in our sample.
We noticed that H C has a peak at ~10 ML NiO and followed by a slow decrease with NiO thickness in Fe/NiO/MgO(001). This result shows that there also exists Fe/NiO magnetic coupling. The peak behavior was reported in the literature [2] and has to come from the change of the Fe/NiO interfacial interaction. But it is unclear at this moment on whether it is due to the thickness dependent NiO magnetic anisotropy or the thickness dependent NiO spin orientation. Future studies are needed to resolve this issue. The next question is why the coercivity enhancement occurs only above 7ML NiO. This is because the magnetic ordering temperature of a magnetic thin film depends on its film thickness due to the dimensionality effect. In fact, a reduction of the Curie temperature in FM thin films has been known for a long time [14] . Recent experiment on AFM films suggests that the Neel temperature of an AFM thin film is also reduced in ultrathin regime [15] . Therefore, the coercivity enhancement of the Fe film above 7ML NiO in our samples simply reflects the fact that the NiO film at room temperature is at 6 AFM state above 7ML but paramagnetic state below 7ML. To confirm this statement,
we grow a new sample of Fe(8ML)/Ag(3ML)/NiO(12ML)/Ag(001) and performed temperature dependent measurement. The 3ML Ag is used to prevent intermixing between Fe and NiO at high temperature but to retain the Fe/NiO magnetic interaction.
Fe hysteresis loops were taken at different temperatures. As shown Fig. 3 , the coercivity of the sample decreases with increasing the temperature above the Neel temperature and is fully recovered after cooling down the sample to room temperature.
This result proves that the coercivity enhancement shown in Fig. 2 above 7ML NiO is indeed due to the AFM order of the NiO layer. The most remarkable result of Fig. 2 Fe/NiO/MgO(001), the only possibility for the different coercivity enhancement in these two systems is that the NiO film has different AFM spin structures in these two systems.
In the following, we discuss the different NiO spin orientations in Fe/NiO/Ag(001) and orientations in a bulk NiO single crystal [16] . In thin films, however, the NiO spins are usually modified due to strains imposed by the substrate. In particular, NiO film grown on MgO(001) and Ag(001) exhibits an out-of-plane [13] and in-plane [17] spin directions, respectively. In fact, it was demonstrated that the NiO spin direction could even be manipulated between out-of-plane and in-plane directions in a MgO/NiO/Ag (001) sandwich [12] , or within the film plane by a vicinal Ag(001) surface [15] . This is actually the measurement geometry in the literature to prove that NiO/MgO(001) has an out-of-plane spin direction [13] . As shown in Fig. 4 , the XAS shows a typical double peak feature at the Ni L 2 absorption edge. The L 2 ratio R L2
(defined as the lower energy peak intensity divided by the higher energy peak intensity) exhibits a strong polarization dependence at different incident angles with the well-known cos 2 θ-dependence reported for the NiO/MgO(001) system [13] , showing that the NiO spin in the Fe/NiO/MgO(001) also has an out-of plane spin component. 
